Abstract: Plant phenophases can be modulated by abiotic factors as well as by evolutionary history. We tested the influence of factors shaping the reproductive phenology of 17 co-occurring Piper species in a semi-deciduous seasonal forest in southeastern Brazil over a 12 month period. We describe the phenology, applying circular statistics to the flowering and fruiting phenophases for each species. Mantel correlation tests were conducted to investigate the role of phylogeny in phenological responses, and the influence of abiotic variables (temperature, rainfall, and day length) was analyzed using generalized linear models. Additionally, we tested whether the presence of latent flower buds influenced flowering and fruiting times. The phenological variation across species of Piper in the reproductive stages was not phylogenetically structured. Flowering and fruiting occurred throughout the year, but higher seasonality was detected in the flowering phase, which positively correlated with long days (ϳ13 h). The flowering phase was shorter and occurred earlier in Piper species with latent flower buds than in species without them, probably because these species are better adjusted to respond when climate conditions are favorable for flower anthesis. Thus, abiotic factors and the presence of latent flower buds shape the reproductive phenology of Piper species.
Introduction
In seasonal tropical forests, plant reproductive phenophases are modulated by variations in abiotic factors (Stevenson et al. 2008) . In this biome, flowering usually peaks at the end of the dry season or at the beginning of the rainy season, whereas fruiting tends to peak in the dry season (Daubenmire 1972; Morellato 2010) . The seasonality of phenophases is a feature of these forests, resulting from the adjustment of phenophases to climatic seasonality (Daubenmire 1972; Morellato et al. 1989 ). In fact, seasonal variation in abiotic factors, especially water availability (van Schaik et al. 1993) , may be responsible for modulating plant phenological activity (Fenner 1998) . However, whether the abiotic variables are the only determinants is unclear.
Recent reports have highlighted the importance of evolutionary relationships shaping the phenological patterns in plants in addition to abiotic factors. Large scale (such as Davies et al. 2013; Du et al. 2015) , regional scale (Staggemeier et al. 2015; Brito et al. 2017) , and local scale studies (CaraDonna and Inouye 2015; Li et al. 2016) have shown that phenological patterns can be phylogenetically structured. As a consequence, closely related species tend to have more similar phenological patterns than species that are distantly related (Kochmer and Handel 1986) .
Piper is a rich and well-represented genus in the understory of tropical forests (Greig 2004) . Annual flowering and fruiting (one reproductive event per year; see Newstrom et al. 1994) are the most common patterns observed in species of this genus occurring in distinct types of vegetation (Opler et al. 1980; Fleming 1985; Thies and Kalko 2004) . However, flowering and fruiting times may differ among species that occupy different habitats, such as gaps, forest edges, and understories (Fleming 1985; Figueiredo and Sazima 2004; Thies and Kalko 2004) . Furthermore, some of these studies have evaluated the influence of biotic factors, such as pollinators and seed dispersers (Fleming 1985; Thies and Kalko 2004) , and abiotic factors, such as climate (Valentin-Silva and Vieira 2015) , on the phenophases of co-occurring species. However, to our knowledge, the influence of phylogenetic factors on phenophases of co-occurring Piper species has not yet been investigated.
Moreover, some studies showed that Piper species can have latent inflorescences for up to 12 months (Marquis 1988; Valentin-Silva and Vieira 2015) : the inflorescences are produced throughout the year, but the anthesis of flowers is restricted to a certain period. This phenological mechanism may be a strategy to escape from drought stress, considering that resistance to stress occurs during latency (Martins and Batalha 2011) and may influence the occurrence of subsequent phenophases, i.e., flower at anthesis, and fruit production.
We tested whether abiotic variables and phylogenetic relatedness were associated with flowering and fruiting times of co-occurring Piper species. Additionally, we tested whether the presence of latent flower buds was associated with the timing of flowering and fruiting. First, we expected that the peaks in reproductive phenophases would be associated with environmental variables, occurring in periods with higher values of temperature, rainfall, and day length. Second, we expected to find similar phenological patterns in closely related species due to the existence of phylogenetic signal. Finally, we expected that flowering or fruiting in species with latent flower buds would occur earlier compared with species without them.
Materials and methods

Study area and species
We carried out this study from April 2014 to March 2015 at the Mata do Paraíso Research, Environmental Training, and Education Station (hereinafter, Mata do Paraíso), a forest reserve located in Viçosa (20°47=-48=S, 42°50=-52=W), Minas Gerais, southeastern Brazil, with an area of 194 ha at an altitude ranging from 690 m to 870 m above sea level. The vegetation is classified as seasonal semi-deciduous montane forest (Veloso et al. 1991 ; Supplementary data, Fig. S1 1 ) . The area has pasture in regeneration and forests in the early, mid, and late stages of regeneration, as well as areas of primary forest (Silva Júnior et al. 2004 ). The canopy varies from about 7 m in the initial forest to 15-20 m in the mature forest. The species of high importance value are Guapira opposita, Euterpe edulis, Luehea grandiflora, Miconia cinnamomifolia, Myrcia multiflora, Nectandra lanceolata, Piptadenia gonoacantha, Piptocarpha macropoda, and Vernonanthura diffusa (Pinto et al. 2007 ).
According to the Köppen classification system, the climate is classified Cwa (mesothermal with hot and rainy summers and cold, dry winters; Alvares et al. 2013) . The historical average annual rainfall is 1221 mm and the mean annual temperature is 19.3°C (meteorological data for the years 1961 -1990 DNMET 1992) . The dry season is concentrated between April and September, when monthly rainfall is lower than 60 mm and mean temperatures range from 10°C to 27°C. The rainy season occurs from October to March, when monthly rainfall is higher than 100 mm and average temperature ranges from 16°C to 30°C.
We monitored 17 evergreen Piper species (216 individuals, Table 1 ), vouchers of which are lodged in the BOTU herbarium (numbers 32 172 to 32 201), São Paulo State University (UNESP). We only marked individuals that had reached the reproductive phase, using as selection crite-ria the presence of reproductive structures (inflorescences with floral buds, flowers, or fruits) or the presence of previous inflorescence scars. For species with 15 or fewer individuals, we monitored them all; for species with more than 15 individuals, we randomly marked 15 individuals to be used for this study (Table 1) ; an amount that has previously been described as sufficient for phenological studies in tropical forests (Morellato et al. 2010a ). The selected individuals were observed during a 12 month sampling period.
Reproductive phenology
For the evaluation of reproductive phenology, we made fortnightly observations of the presence or absence of inflorescences per plant with flower buds, flowers at anthesis (hereinafter, flowering), and with immature or mature fruit (hereinafter, fruiting). This frequency of observations has previously been suggested as adequate for phenological studies in tropical forests (Morellato et al. 2010a) . Distinguishing flower buds and flowers at anthesis is important for Piper species, owing to the presence of inflorescences with latent flower buds, as observed in this and other studies (Marquis 1988; Valentin-Silva and Vieira 2015) . When this separation does not exist, the period of resource availability (pollen) to floral visitors may be overestimated. Thus, due to small size of flowers, we used a hand lens (60×) to observe the inflorescences in the field to determine when the flowers were at anthesis. The production of buds was only used to separate species with latent flower buds or with non-latent flower buds. This phenophase was extended or continuous and synchronous at the species (Supplementary data, Fig. S2 ) and community levels, where at least 60% of species had produced buds at each observation. Consequently, we do not have any reason to test seasonality or the influence of abiotic or phylogenetic factors in a continuous phenophase. The flower bud phenology is presented in the Supplementary data (Figs. S2 and S3). As ripe fruit persist on the plant for a short time (one night to two days; Marquis 1988; Thies and Kalko 2004), it was not possible to separate the data for immature fruit from that for mature fruit with diurnal fortnightly intervals of observation; so immature and mature fruit phenophases were pooled as fruiting.
We calculated the activity index, which represents the percentage of individuals in a given phenophase per fortnight. Based on this index, and despite the short period of this study (12 months), we classified the frequency of phenophases at the community level (all species) and per species, adapting the classification proposed by Newstrom et al. (1994) : continual (always reproductive with none or few brief interruptions, i.e., non-reproductive intervals up to 2 months between many reproductive episodes); annual (only one major cycle per year, 1-9 months of reproductive phase, which may show brief breaks up to 1 month non-reproductive interval inside the major cycle); or subannual (more than one event per year separated by intervals of 2 months or more between reproductive episodes). When a phenophase was annual, we also classified it according its duration as brief (<2 months), intermediate (2-5 months), or extended (>5 months). We also classified the amplitude of phenophase as light (up to 50% of individuals in activity at the same fortnightly interval) or heavy (>50% of individuals in activity at the same fortnightly interval), as proposed by Newstrom et al. (1994) . These classifications are prone to annual variability, especially in the tropics where the species have developed complex and diverse patterns (Newstrom et al. 1994) . In this sense, the results shown here are limited to a 12 month period of observation. Fourteen of the 17 species were sampled during a complete flowering season, but because the fruiting season was very extended, one complete fruiting season was recorded only for two species; for all of the others we sampled two incomplete fruiting seasons (Fig. 1) .
Seasonality of flowering and fruiting and association with abiotic variables
Flowering and fruiting were recorded throughout the year at the community level without a start or end date of reproduction. Therefore, we described the phenology for each species and phenophase using circular statistics, where dates are converted to angles (Morellato et al. 2010b) , and assessed the seasonality using the Rayleigh test (Zar 1999) . Every fortnight, the percentage of active individuals of each species in the flowering or fruiting phase was used to calculate the mean angle, circular standard deviation (SD), and vector length (r), which varied from 0 (no seasonality) to 1 (all individuals reproducing at same time), representing the concentration of flowering or fruiting around the mean date. The percentage of individuals flowering or fruiting over time is not the ideal scenario for circular analysis because it leads to high sample sizes (same individual contributes more than one time over the distribution), producing very low r-values (Morellato et al. 1989 (Morellato et al. , 2010b . Therefore, for this study we considered a given distribution as seasonal only when it was unimodal and the significant r-values were above the 0.2 threshold.
Additionally, we also separated species into two groups (species with latent flower buds and species with non-latent flower buds) using the field data for this phenophase, aiming to identify whether flowering and fruiting strategies differed between these two groups. First, we examined the phenological strategies (annual, continual, or subannual) in the reproductive patterns using a contingency table contrasting the two groups (G test), and also a graphical analysis of the species activity over time. Differences were found for the flowering only, and thus we compared the significant mean dates for flowering between species in these two groups by applying the Watson-Williams test (Zar 1999 ).
We evaluated whether there was any association between abiotic variables (mean temperature, rainfall, and day length) and phenophases during their occurrence, and for a period of 1-3 months before their occurrence. We obtained meteorological data for the study period from the Meteorological Station of the Federal University of Viçosa (7 km from the study site) and calculated the means for fortnightly values of the mean temperature and day length and the sum of fortnightly rainfall values. We used generalized linear models with Poisson distribution and logarithmic link function, selecting the best model using the Akaike information criterion (AIC; Crawley 2007 ). The full model included all abiotic variables and time lags (see Table 2 ), and all combinations of these variables were tested. We carried out these analyses considering the fortnightly values of the number of species in each phenophase as response variables and temperature, rainfall, and day length as explanatory variables.
Phylogenetic reconstruction and patterns
Phylogenetic studies in Neotropical Piper indicate that these species are divided into eight sections (Jaramillo et al. 2008; Martínez et al. 2015) . Six from these sections were recorded in our study as follow: sect. Schilleria (2 spp.), Ottonia (2 spp.), Peltobryon (1 sp.), Pothomorphe (1 sp.), Macrostachys (2 spp.), and Radula (9 spp.). Topological relationships for the analyses conducted here were based on Jaramillo et al. (2008) and Martínez et al. (2015) . Three species that had not been sampled in the previous studies were included here as polytomy in the ancestral node for each section: P. lucaeanum and P. pubisubmarginalum in Schilleria, and P. malacophyllum in Radula. We based the positioning of these species on the morphological characterization of Piper clades (Jaramillo et al. 2008 ) and confirmed it with a Piperaceae taxonomist. The chronology was reconstructed using the BLADJ algorithm in Phylocom (Webb et al. 2008 ). First, we informed the known ages for nine nodes representing each section or the time of divergence between sections based on Martínez et al. (2015) . Then, BLADJ assigned ages for unknown nodes by evenly spacing these non-dated nodes between the nine dated nodes (Fig. 1) .
We sampled one complete flowering season for most of the species, but for fruiting we sampled two incomplete fruiting seasons (Fig. 1) . As a consequence, we were unable to analyze some phenological parameters for fruiting, such as first and peak dates or duration. Thus, we applied phylogenetic comparative techniques to analyze all of the phenological curves (instead of single parameters) using Mantel correlation matrices (Manly 2004) . First, we estimated the cophenetic matrix for the phylogeny reconstructed above. The second matrix represents the phenological dissimilarity between pairs of species; this approach was recently applied for Melastomataceae (Brito et al. 2017) . We also built Mantel correlograms to identify non-stationary patterns (i.e., clade-specific responses sensu Staggemeier et al. 2015) .
Results
Phenology and evolutionary history of Piper
Phylogenetic relationships did not explain the phenological patterns of these 17 Piper species. Correlations between phenological and phylogenetic matrices were not significant (flowering: R = −0.20, p = 0.99; fruiting: R = −0.15, p = 0.79), including the Mantel correlograms (−0.14 < R < −0.001; non-significant p-values for all distance classes and phenophases).
Phenology and climate
Flowering was seasonal and concentrated in the rainy season at the species and community levels ( Fig. 1, 2) , with more than 45% of the species flowering in January and February, when long day lengths occurred (ca. 13 h of duration). Most species (88%) showed a significant seasonal annual flowering (mean r: 0.86 ± 0.17; Table 1) with 2.8 ± 1.9 months of flowering. Piper aduncum had continual flowering for 10 months and P. cernuum showed subannual flowering with irregular episodes (Fig. 1) . At the species level, flowering was mainly classified as heavy, with 65% of species showing more than half of the population flowering synchronously. Light flowering was observed in six species: P. arboreum, P. caldense, P. cernuum, P. chimonanthifolium, P. gaudichaudianum, and P. lucaeanum.
Fruit were available throughout the year, but less than 50% of the species were fruiting between July and November. Fruiting was less seasonal than flowering (mean r = 0.67 ± 0.20; Table 1 ). Strong seasonal fruiting at the species level was only observed for P. caldense and P. chimonanthifolium (r vector higher than 0.9) because these species exhibited shorter fruiting seasons. They fruited between September and December (Fig. 2C) , before the main fruiting period at the community level, which occurred between January and June, when 50% of the community was fruiting (Fig. 2C) . Species fruiting during this period showed heavy fruiting episodes, with more than 50% of the population with fruit. About 60% of the species showed an annual extended fruiting pattern with fruit present for more than 6 months (Fig. 1) .
The phenophases were positively associated with at least one of the abiotic variables in the previous months of their occurrence, showing that different abiotic variables can act as trigger of each phenophase. Flowering time was best explained by day length of the month prior to its occurrence (time lag 1; Table 2 ). Fruiting was best explained by the temperature during the three months prior to the event (time lag 3) and day length during the two months prior to the event (time lag 2) ( Table 2) .
When we analyzed the species according to the presence or absence of latent flower buds, we found that flowering strategies differed between groups (G test: 14.51, p = 0.006). Annual brief flowering was common and only occurred in species with latent flower buds (Fig. 3) , which flowered mainly during the period when day length was gradually increasing (August-December; Fig. 4) , whereas an annual intermediate pattern was found more often in species with non-latent flower buds (Fig. 3) , which flowered throughout the year (Fig. 4) . Therefore, the flowering was shorter (1.6 ± 1.3 versus 5 ± 2.5 months) and more seasonal in species with latent flower buds (r = 0.96 ± 0.009) than in species with nonlatent flower buds (r = 0.81 ± 0.13). Species with latent flower buds also flowered earlier (mean angle = 310.8°or 12.Nov) than species with non-latent flower buds (mean angle = 41.3°or 11.Feb; F = 20.6, p < 0.001). Fruiting patterns did not differ between these two groups in terms of strategies (G test: 2.92, p = 0.57) or activity over time (Figs. 3 and 4) .
Discussion
Evolutionary history did not modulate the phenological patterns of Piper species in the scale of this study, but climate factors exerted great influence on flowering and fruiting, as is expected in seasonal tropical forests. Although flowers and fruit of Piper species were available throughout the year, higher seasonality was observed in flowering (more species flowered in January and February, when days were longer). Fruit were less available between the transition from dry to wet seasons (around 30% of the species had fruit per fortnightly observation), but for most of the year >50% of the species were fruiting (December-June). In addition, the presence of latent flower buds influenced the timing of flowering, because species with latent flower buds were the first to flower in the community.
The quality of phylogenetic reconstruction and the sampling size affect the chances of detecting phylogenetic patterns in ecological traits (Münkemüller et al. 2012 , Seger et al. 2013 . Phylogenetic studies of Piper have been growing for the last decade (Jaramillo et al. 2008; Martínez et al. 2015 ; and references therein), but for some species-rich groups, such as section Radula, more effort is required to resolve the relationships among species; this includes sampling more species and molecular regions. In addition, the emergent field of phenological research based on the analysis of herbarium vouchers is promising with respect to accumulating new information on Piper phenology. It is expected that soon, combining molecular and phenological information will bring new insights into the role of evolutionary history on shaping the phenology of Piper.
Flowering throughout the year was also recorded in studies conducted with Piper species in Brazil (Figueiredo and Sazima 2000) and in Panama (Thies and Kalko 2004) . The frequency of this phenophase may be related to phylogeny, as pointed out by Bawa et al. (2003) , which could be related to the predominance of annual frequency of flowering in Piper species studied here and also in other studies (Opler et al. 1980; Fleming 1985; Figueiredo and Sazima 2004; Thies and Kalko 2004) . In seasonal tropical forests, flowering time is usually explained by abiotic factors, and also may be related to growth form (Córtes-Flores et al. 2017) . The period of occurrence (rainy season) and the duration of flowering can be modulated by water and light availability (van Schaik et al. 1993 ). In addition, day length is considered a flowering trigger and, although being a non-stochastic abiotic factor, it is the best predictor of phenophases among the environmental variables (Morellato et 2008). According to Stevenson et al. (2008) , there are more species flowering in long days. A similar pattern was observed in this study, considering that peak flowering activity occurred in the rainy season (which has longer days), and day length was the best predictor of the number of species flowering.
The presence of latent flower buds influenced flowering time, considering that flower anthesis occurred earlier and the duration of flowering was shorter than in species with non-latent flower buds. As the inflorescences of these species are already pre-formed, flower anthesis can occur as soon as environmental conditions become favorable. These results reinforced the idea that floral latency can be a strategy to escape from drought stress (Martins and Batalha 2011; Valentin-Silva and Vieira 2015) . On the other hand, species with non-latent flower buds need to divide the energy between vegetative and reproductive functions during the flowering period, which requires large inputs of resources to produce new structures (Chapin et al. 1990 ), resulting in longer flowering periods. This difference in the duration of anthesis period, in addition to the fact that species with latent flower buds flowered earlier, may decrease the competition for pollinators among these two groups of species, considering that sharing pollinators seems to be common in Piper species (Fleming 1985; Figueiredo and Sazima 2004) .
Considering that drought stress can delay the production of spikes in Piper species (Wright 1991) , presenting latent flower buds may be an advantage, especially in a climate change scenario in the southern hemisphere, where there is a tendency towards a decrease in precipitation during the rainy season (Chou et al. 2007 ). Piper species with latent flower buds could wait for the best conditions to flower in case of longer dry seasons. On the other hand, species with non-latent flower buds would expend more energy to keep their vegetative growing during long dry seasons, and, as a consequence, would have less energy to produce flower buds when the rainy season begins. Moreover, delay and (or) reduction in flower production has negative consequences for plant reproductive success because it may lead to the temporal decoupling of plant-pollinator interactions, decreasing chances for cross-pollination (Memmott et al. 2007; Morellato et al. 2016) .
Continual fruiting of Piper species was also observed in other areas in Brazil (Marinho-Filho 1991; Figueiredo and Sazima 2004) and in Panama (Thies and Kalko 2004) , resulting in low values for seasonality. In general, the fruiting period of Piper species is long (Marinho-Filho 1991; Figueiredo and Sazima 2004; Thies and Kalko 2004) , which may be associated with the low availability of ripe fruits per plant and per night (Fleming 1981; Thies and Kalko 2004) . The continual fruiting allows fruit supply throughout the year, which helps to maintain the populations of seed-dispersing frugivores (Snow 1965 ). These results, associated with the absence of a phylogenetic signal, show that biotic factors (seed dispersers) can have an important role in shaping the fruiting phenology of Piper species, as was also reported for species of Myrteae (Myrtaceae; Staggemeier et al. 2010) and Melastomataceae (Brito et al. 2017) . Seed dispersers can also influence the timing of fruit production in tropical regions (Ting et al. 2008) .
Floral latency may represent an important factor that influence the reproductive phenophases of Piper and other species, but there have been few studies on this subject (see also Panchen 2016 and references therein; artic species). However, we showed that in phenological studies attention should be paid to the presence of latent flower buds because they may influence the timing and duration of flowering, as well as to all of the phenological parameters related with bud phase (first and peak dates, concentration and duration). Species with latent flower buds may be more tolerant to oscillations in the environment and climate changes than species with non-latent flower buds. This feature may be especially important considering that some Piper species are pioneer plants, capable of colonizing gaps and forest edges and, as a consequence, are key in regeneration processes and for maintenance of diversity.
